Optical Detection of Single-Electron Spin Decoherence in a Quantum Dot 
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We propose a method based on optically detected magnetic resonance (ODMR) to measure the 
decoherence time T2 of a single electron spin in a semiconductor quantum dot. The electron spin 
resonance (ESR) of a single excess electron on a quantum dot is probed by circularly polarized laser 
excitation. Due to Pauli blocking, optical excitation is only possible for one of the electron-spin 
states. The photoluminescence is modulated due to the ESR which enables the measurement of 
electron-spin decoherence. We study different possible schemes for such an ODMR setup. 
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I, INTRODUCTION 

Quantum information can be encoded in states of an 
electron spin 1/2 in a semiconductor quantum doti How- 
ever, information processing is intrinsically limited by the 
spin lifetime. For single spins, one distinguishes between 
two characteristic decay times T\ and T 2 . The relax- 
ation of an excited spin state in a magnetic field into 
the thermal equilibrium is associated with the spin re- 
laxation time Ti, whereas the spin decoherence time T2 
is related to the loss of phase coherence of a single spin 
that is prepared in a superposition of its eigenstates. Ex- 
perimental T2 measurements of single spins in quantum 
dots are highly desirable because T2 is the limiting time 
scale for coherent spin manipulation. 

Recent optical experiments have demonstrated the co- 
herent control and the detection of excitonic states of sin- 
gle quantum dots^ Nevertheless, the measurement of the 
T2 time of a single electron spin in a quantum dot using 
optical methods has turned out to be an intricate prob- 
lem. This is mainly due to the interaction of the electron 
and the hole inside an exciton^ The electron and hole 
spin are decoupled only if the hole spin couples (via spin- 
orbit interaction) stronger to the environment than to 
the electron spin. Recent experiments, measuring Fara- 
day rotation, have suggested that this is not the case for 
excitons in quantum dots>A Alternatively, if electron-hole 
pairs are excited inside the barrier material of a quan- 
tum dot heterostructure, the carriers diffuse after their 
creation to the dots and are captured inside them within 
typically tens of picoseconds By that time, electron 
and hole spins have decoupled. In such an experiment, 
the Hanle effect would allow the measurement of electron- 
spin decoherence. However, this approach— has not yet 
given conclusive results for T2. 

What is a promising approach to measure the electron- 
spin decoherence time T2 by optical methods? For this, 
initially some coherence of the electron spin must be pro- 
duced, preferably in the absence of holes. This can be 



done using electron spin resonance (ESR). The coher- 
ence decays and, after some time, the remaining coher- 
ence is measured optically. This implies using optically 
detected magnetic resonance (ODMR). ODMR schemes 
have, e.g., been applied to measure the spin coherence of 
single nitrogen-vacancy centers in diamond^ For quan- 
tum dots, ODMR has recently been applied to electrons 
and holes in CdSe dots- and to excitons in InAs/GaAs 
dotsiifi While these two experiments have not considered 
single spin coherence, the feasibility of the combination 
of ESR and optical methods in quantum dot experiments 
has been demonstrated. 

In this work, we make use of Pauli blocking of exci- 
ton creationii in an ODMR setup. We show that the 
linewidth of the photoluminescence as a function of the 
ESR field frequency provides a lower bound on T%. Fur- 
ther, if pulsed laser and cw ESR excitation are applied, 
electron spin Rabi oscillations can be detected via the 
photoluminescence. 

We consider quantum dots which confine electrons 
as well as holes (type I dots). We assume a ground 
state where the dot is charged with one single electron. 
This can be achieved, e.g., by n doping^ or by electri- 
cal injection^ Such a single-electron state can be op- 
tically excited, which leads to the formation of a nega- 
tively charged exciton, consisting of two electrons and one 
hole. Recent experiments on InAs dot o 14 ^ and GaAs 
dotsifi have shown that in the charged exciton ground 
state, the two electrons form a spin singlet in the lowest 
(conduction-band) electron level and the hole occupies 
the lowest (valence-band) hole level. Note that single- 
electron level spacings can be relatively large, e.g., on 
the order of 50 meV for InAs dotsiA2, Typically, the level 
spacing of confined hole states is smaller than the one of 
electrons »1& We assume that the lowest heavy hole (hh) 
(with total angular momentum projection J z = ±3/2) 
and light hole (lh) (J z =±l/2) dot levels are split by an 
energy 8hh-ih- Additionally, mixing of hh and lh states 
should be negligible, 1 - These conditions are satisfied for 
several types of quantum dotSfiii^*iSi2fli21 Then, circu- 
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Figure 1: The states of a single quantum dot in a static mag- 
netic field, (a) | I), (b) | T), (c) \X~), and (d) \X~). The 
Zeeman splittings are A' = gf/iB-Bz for the electron and 
^5 = 9hhfJ-BB z for the hole. Coherent transitions occur be- 
tween (a) and (b) due to the ESR field and between (a) and 

(c) due to the a~ -polarized laser field. The arrows in (c) and 

(d) indicate which electron-hole pair couples with the photon 
field of polarization a ± . 



larly polarized optical excitation that is restricted to ei- 
ther hh or lh states excites spin-polarized electrons. In 
this work, we first assume a hh ground state for holes. 
We discuss then different hole configurations. 

The states of a quantum dot can be taken as follows; 
see also Fig. A single electron in the lowest orbital 
state is either in the spin ground state | f ) or in the ex- 
cited spin state | J.). Adding an electron-hole pair, the 
negatively charged exciton (in the orbital ground state) 
is either in the excited spin state \X7) or in the spin 

ground state |XjT). For these excitonic states, the sub- 
scripts I, | refer to the hh spin and we apply the usual 
time-inverted notation for hole spins. For simplicity, we 
assume sign^f ) = sign (g^ h ) f° r the electron and the hh 
g factors in z direction. Note that the very same scheme 
can also be applied if the sign of g^ h is reversed. Then, 
one would use a a + laser field and all results apply after 
interchanging \X7) and l-X'-T). 



II. HAMILTONIAN 

We describe the coherent dynamics of a quantum dot, 
charged with a single excess electron, in this ODMR 
setup with the Hamiltonian 



H = H dot + Hesr + H h + tfd-L, 



(1) 



gies due to a constant magnetic field in z direction, and 
the Coulomb interaction of electrons and holes. It de- 
fines the dot energy E n by H dot \n) = E n \n). Here, the 
electron Zeeman splitting is g z e p^,B z = Ey — 2?f, where 
/jLb is the Bohr magneton^. The ESR term i?ESR.(X) cou ~ 
pies 1 1) and | J.) via Bj_(t), which rotates with frequency 
wesr in the xy planei 2 ^ 24 The ESR Rabi frequency is 
r^ESR = gel J 'BB±, with g factor g^r . Even if the ESR 
field is also resonant with the hole Zeeman splitting, it 
has a negligible effect on the charged exciton states since 
they recombine quickly. An oscillating field ^BgB can 
also be produced with voltage-controlled modulation of 
the electron g tensor g?2S> A cr~-polarized laser beam is 
applied in z direction (typically parallel to [001]), with 



free laser field Hamiltonian Hr, = 



laser frequency is wl, Ol axe photon operators, and we 
set h — 1. The coupling of | J,} and \X7~) to the laser 
field is described by -f/d-L which introduces the complex 
optical Rabi frequency f^L^ Since the dot is only cou- 
pled to a single circularly polarized laser mode via -ffd-L, 
the terms that violate energy conservation vanish due to 
selection rules. If the laser bandwidth is smaller than 
Shh-ih, the absorption of a a~ photon in the spin ground 
state 1 1) is excluded due to Pauli blocking. 27 We neglect 
all multi-photon processes via other levels since they are 
only relevant to high-intensity laser fields. For this con- 
figuration, the a~ photon absorption is switched "on" and 
"off" by the ESR-induced electron-spin flips. Here, the 
laser bandwidth and the temperature can safely exceed 
the electron Zeeman splitting. We transform H into the 
rotating frame with respect to cjesr and Wl- The laser 
detuning is <5l = (Exi — E{) — and the ESR detuning 
Sesr = gl^B z — 07ESR- 



where the 



coupling the three states | f), II), and \X, ). Here, H dot 

comprises the quantum dot potential, the Zeeman ener- is given in the rotated basis | |), | \), |XT), \X7 



III. GENERALIZED MASTER EQUATION 

We next consider the reduced density matrix for the 
dot, p = TrRpF, where is the full density matrix and 
Ttr is the trace taken over the environment (or reser- 
voir). In the von Neumann equation = — i [H, pp], we 
treat the interaction with the ESR and laser fields exactly 
with the Hamiltonian in the rotating frame. We describe 
the coupling with the environment (radiation field, nu- 
clear spins, phonons, spin-orbit interaction, etc.) with 
phenomenological rates. We write W nm = W n *-m f° r 
(incoherent) transitions from state \m) to \n) and V nm 
for the decay of off-diagonal elements of p. Note that 
usually V nm > \ J2k ( w kn + W km ). The electron-spin 
relaxation time 2 ^ is T\ = (Wfj, + W^)~ , with spin-flip 
rates Wfj. and W±-\. In the absence of the ESR and laser 
excitations, the off-diagonal matrix elements of the elec- 
tron spin decay with the (intrinsic) single-spin decoher- 
ence rate = I/T2. The linewidth of the optical a~ 
transition is denoted by Vx = Vxi,i- We use the notation 
Pn = { n \p\ n ) an d Pnm — (n|p|m). The master equation 

as 
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Figure 2: Scheme of the transitions between 1 1), J.), \X^ ), 
and \X7). Wavy arrows describe the transitions driven by the 
ESR field and the laser field with frequencies loesr and wl, 
respectively. The corresponding Rabi frequencies are £2esr 
and A detuning 5esr = A^— cjesr is shown for the ESR 

field, with Zeeman splitting A%. Incoherent transitions are 
depicted with arrows and occur at rates W nm - We consider 

Wl,Xl = W|,XT =: Worn. 



p = Mp, where M. is a superoperator. Explicitly, 



Pi = 

Pi = 

Pxi = 

PX] = 

PIT = 

PXIA = 

Pxu = 



SlESRlmPii+W em pxi + W n pi-Wtfpi, (2) 
-^ESRlmpn + Im(nipxi,i) + W em pxi 



+W t] p } -W n p L , 
-Im(fi L pxu) + Wxi.x] pxi 
-(W cm + W x <t,xi)pxi, 
W X f,xiPxi - (W cm + Wxi,x-\) Pxh 

1 i 

2^esr (Pi - Pi) - ^lPxi,i 

- (^ESR + T^ 1 ) p lh 

-[«(^esr + <*l) + Vxi,i\ Pxi,i, 

1 1 

2^esrPx| : t - ^^(Pi - Pxi) 
-(iS L + V x )pxi,i- 



(3) 

(4) 
(5) 

(6) 

(7) 

(8) 



The remaining matrix elements of p are decoupled and 
are not important here. 



IV. ESR LINEWIDTH IN 
PHOTOLUMINESCENCE 

We first consider the photoluminescence for a cw ESR 
and laser field. For this, we calculate the stationary den- 
sity matrix p with p — 0. We introduce the rate 



Wl = 



(9) 



for the optical excitation, with maximum value at 
S L = 0. We first solve Pxi,i — and find that the cou- 
pling to the laser field produces an additional decoherence 
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Figure 3: The total photoluminescence rate T is a Lorentzian 
as a function of the ESR detuning <5esr- Its linewidth w gives 
an upper bound for 2/T2. Here, we use g e = 0.5, B± = 
1 G, T 2 = 100 ns, W n = W iT = (20 ps)' 1 , W cm = 10 9 s" 1 , 
W Xhxl = W xuxr = W cul /2, 5 L = 0, V xu = V X = (W C m + 
Wxi,x\)/1, and J1l = 2fiESRV / 5Wx- With these parameters, 
the requirement Wl < T^ 1 Vesr is satisfied. 



channel to the electron spin. We obtain the renormalized 
spin decoherence rate Vesr which satisfies 



ESR 



< 



1 



1 

T2 



T 2 W xu 
Further, the ESR detuning is also renormalized, 



<$ESR > fesR 



1 - 



I^lI 2 



(w cm + w xt xiY 



(10) 



(11) 



We assume that these renormalizations and <5l are small 
compared to the linewidth of the optical transition, i.e., 
W™ ax , |<5esr — <5esr| < Vx.- Then, if both transitions 
are near resonance, S L <Vx and |<$esr| ^esr, no addi- 
tional terms appear in the renormalized master equation. 
We solve Px[,i — an d p^ =0 and introduce the rate 



Wesr = 



O 2 

"ESR 



Vesr 



Vesr 



^ESR 



(12) 



which together with Wl eliminates Ol, Vx, S l , Oesr, 
Vesr, and <5esr from the remaining equations for the 
diagonal elements of p. These now contain the effective 
spin-flip rates W^j. = Wn + Wesr and Wjj = Wn + 
Wesr- We find the stationary solution 

Pi = vW h W em Wxi,xi+vW n W eni Wxi,xi 

+ V W n (W L + W cm ) (W em + W Xi . X] ) , (13) 

Pi = v Wn (w L + w em ) (w cm + Wx U xi) 

+vWnW ci[i w XhXl , (14) 
pxi = TjWiWtf (W cm + W XLX i), (15) 
px\ = r]W L WnWxi,xi, (16) 

where the normalization factor r] is such that ^2 n p n = 1 . 
Note that p\ > pi is satisfied for > W^. Thus, 
electron-spin polarization is achieved due to the hole- 
spin relaxation channel, analogous to an optical pump- 
ing scheme. Now, photons with a' (c + ) polarization 
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are emitted from the dot at the rate T~ = W em p~xi 
(r + = WemPXf)- These rates are proportional to 
Wesr/ (7 + Wesr) for a given 7, up to a constant back- 
ground which is negligible for Wjj < Wesr- In particu- 
lar, the total rate r = T~ + T + as a function of <5esr is 
a Lorentzian with linewidth 



/ w nax 



(17) 



see Fig. Analyzing the expression for 7, we find the 
relevant parameter regime with the inequality 



w < 2 Vesr 



W o: 



Wxi.x] 



W 



wmax 
"ESR 



3 Wxj,x-\ 
W r 



1/2 



, (18) 



which saturates for vanishing Wjj and Wjj.. Here, the 
rate W r = Wx^,xi + W n (1 + W crn /W L ) describes differ- 
ent relaxation channels, all leading to the ground state 
1 1), and thus corresponds to "switching off" the laser ex- 
citations. If Wr is large, e.g., due to efficient hole-spin 
relaxation^ w « 2 Vesr- From the linewidth w one can 
extract a lower bound for T2: T2 > 1/^esr > 2/w. Fur- 
ther, this lower bound saturates when the expression in 
brackets in Eq. iflSjl becomes close to 1 and T 2 _1 « Vesr 
[see Eq. iflOjl ]. i.e., the T 2 time is given by the linewidth. 
Comparing with the exact solution, we find that our ana- 
lytical approximation gives the value of T within 0.2% for 
the parameters of Fig. Due to possible imperfections 
in this ODMR scheme, e.g., mixing of hh and lh states or 
a small contribution of the a + polarization in the laser 
light, also the state | f) can be optically excited. We 
describe this with the effective rate Wl,t which leads to 
an additional linewidth broadening [similar to Eq. l|18Jl ]. 
This effect is small for Wl,t < Wesr- Detection of the 
laser stray light can be avoided by only measuring r + . 
Otherwise, the laser could be distinguished from T~ by 
using two-photon absorption. As an alternative, the opti- 
cal excitation could be tuned to an excited hole state (hh 
or lh), possibly with a reversal of laser polarization. A 
pulsed laser, finally, would enable the distinction between 
luminescence and laser light by time gated detection. 



SPIN RABI OSCILLATIONS VIA 
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Figure 4: Average number N of photons emitted per period 
TVep as function of the laser pulse repetition time for (a) n 
pulses with At — 5ps and J1l = ir/At, and (b) pulses with 
At = 20ns and fi L = vr/(500ps). We have set <5esr = 0. The 
other parameters are the same as in Fig. The decay of the 
oscillation is given by Vesr and therefore depends on T2. 



1 1) rather than | j) at the end of a laser pulse. The mag- 
netic field then acts on the electron spin until the next 
laser pulse arrives. Finally, the spin state 1 1) is read out 
optically and, therefore, the Rabi oscillations (or spin 
precessions) can be observed in the photoluminescence 
as function of r rcp ; see Fig. 31 F° r simplicity, we con- 
sider square pulses of length At. We write in the master 
equation M(t) = Ml during a laser pulse and otherwise 
M(t) = Mo, setting = 0. We find the steady-state 
density matrix of the dot just after the pulse with 
UpPoo = Poo, where U p = exp(MhAt) exp[Mo(r rep — At)] 
describes the time evolution during r rcp . 

T he photolumi nescence rate is now evaluated by T = 
W em (pxi + Pxt)> where the bar designates time averag- 
ing over many periods r rop . For At > it/FIl, W^ 1 , the 
spin oscillations become more pronounced; see Fig. 21(b). 
This results from an enhanced relaxation to the state | f ) 
during each pulse and thus from a much larger p^ than 
Pl just after the pulse. 



VI. CONCLUSIONS 

We have proposed an ODMR setup with ESR and po- 
larized optical excitation. We have shown that this setup 
allows the optical measurement of the single-electron spin 
decoherence time T2 in semiconductor quantum dots. 
The discussed cw and pulsed optical detection schemes 
can also be combined with pulsed instead of cw ESR, al- 
lowing spin echo and similar standard techniques. Such 
pulses can, e.g., be produced via the ac Stark effect^ 
Further, as an alternative to photoluminescence detec- 
tion, photocurrent can be used to read out the charged 
exciton, 1 ? and the same ODMR scheme can be applied. 



For a pulsed er~ laser, one can also measure T as a 
function of the pulse repetition time T rep instead of 5esr- 
We still use cw ESR (or, alternatively, a static transverse 
magnetic field, i.e., in the Voigt geometry). We stress 
that the same restrictions on the laser bandwidth as in 
the cw case apply. Due to hole spin flips, followed by 
emission of a photon, the dot is preferably in the state 
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